Hsp47 is a heat-shock protein which interacts with newly synthesized procollagen chains in the endoplasmic reticulum (ER) of collagen-secreting cells and is thought to assist in procollagen triple helix assembly and subsequent transport to the cis-Golgi. This is supported by studies which have reported that genes encoding collagen and Hsp47 are subject to co-ordinate increases and decreases in expression in cultured cells. However, limited information is available regarding hsp47 expression in vivo, particularly during early embryonic development when a variety of collagen genes are expressed. Here we show that the zebrafish hsp47 gene is expressed in a dynamic spatiotemporal pattern in developing embryos. Strong expression of hsp47 mRNA is co-incident predominantly with expression of the type II collagen gene (coZ2al) in a number of chondrogenic and non-chondrogenic tissues including the notochord, otic vesicle and developing fins. Notochordal expression of both genes is disrupted infloating head (flh) and no tail (ntl) embryos, which lack properly differentiated notochords. Surprisingly, no hsp47 mRNA is detectable in the strongly coZ2al-expressing cells of the floor plate and hypochord, indicating that the two genes are not strictly co-regulated. Finally, Northern blot analysis revealed two alternative transcripts of ~022~1 which are expressed in distinct temporal patterns. Appearance of the larger transcript occurs following somitogenesis, a time which coincides with the co-activation of hsp47 and ~012~1 gene expression in tissues outside of the notochord. 0 1997 Elsevier Science Ireland Ltd. All rights reserved
Introduction
Exposure of prokaryotic and eukaryotic cells to elevated temperature or other environmental stresses results in the activation of a small but highly conserved set of genes encoding the heat shock proteins (hsps; reviewed recently in Morimoto et al., 1994) . Families of hsps with sizes of approximately 80-90, 68-70, 60, and 15-30 kDa are synthesized by most, if not all, eukaryotes. Several heat shock proteins, most notably the hsp60 and 70 families, act as molecular chaperones which mediate the correct assembly and localization of a wide range of intracellular and secreted polypeptides and oligomeric protein structures. The importance of heat shock proteins in the protein folding pathway is reflected in the fact that a number of heat shock genes are expressed at high levels during normal cell growth (Morimoto et al., 1994 and references therein) . Stress conditions which enhance the synthesis of heat shock proteins give rise to an accumulation of denatured and aberrantly folded proteins within the cell. Thus, the interaction of hsps with abnormal proteins during stress is thought to be an extension of their role during normal cell growth (Hightower et al., 1994; Randall et al., 1994) .
Hsp47 is a unique and recently described endoplasmic reticulum (ER)-resident heat shock protein which is proposed to play a major role as a molecular chaperone essential for the post-translational folding of fibril-forming collagens (Saga et al., 1987; Hirayoshi et al., 1991; Nagata, 1996) . In vitro coimmunoprecipitation, crosslinking and pulse-chase experiments have shown that Hsp47 molecules bind to the N-terminal globular domain of nascent procollagen type I chains at approximately a 7: 1 ratio during or immediately after their synthesis in the ER and are thought to chaperone collagen triple helix formation (Natsume et al., 1994; Sauk et al., 1994; Hu et al., 1995) . The complex is then transported to the cis-Golgi where Hsp47 dissociates from collagen before it proceeds through the secretory pathway (Smith et al., 1994; Satoh et al., 1996) . Hsp47 is then recycled back to the ER, an event which appears to be dependent on the RDEL variant of the KDEL ER-retention signal found at the carboxyterminal of Hsp47 (Satoh et al., 1996) . The role of Hsp47 as a collagen chaperone is supported by expression studies which have revealed co-ordinate regulation of Hsp47 and collagen gene expression in a number of collagen-secreting cell lines (Nakai et al., 1990 Takechi et al., 1992; Clarke et al., 1993; Satoh et al., 1996) . It is not presently known if this co-regulation is due to a common transcriptional regulatory mechanism.
Type II collagen is a fibril-forming collagen that is assembled within the ER into a homotrimer consisting of three al(I1) procollagen chains (Kadler, 1994) . It is the major component of hyaline cartilage extracellular matrix (ECM), constituting up to 80% of total collagen synthesized by this tissue. Although type II collagen was classically thought of as cartilage-specific, recent evidence indicates that type II collagen gene expression occurs in a wide array of non-chondrogenic tissues, particularly during embryonic development (Kosher and Solursh, 1989; Cheah et al., 1991; Su et al., 1991; Lui et al., 1995; Yan et al., 1995; Krengel et al., 1996) . This has led to speculation that type II collagen may be an important player in developmental processes apart from chondrogenesis such as matrix-mediated morphogenesis (Thorogood, 1988; Cheah et al., 1991; Wood et al., 1991) . Type II collagen cDNAs have been cloned and characterized from a wide variety of vertebrate organisms such as zebrafish (Yan et al., 1995) , Xenopus (Su et al., 1991) , chicken (Kosher and Solursh, 1989) , mouse (Cheah et al., 1991) and human (Ryan and Sandell, 1990; Lui et al., 1995; Krengel et al., 1996) . The collagen gene product in chicken, human, mouse and Xe?ropus is subject to alternative splicing, resulting in two different transcripts which exhibit unique temporal and spatial patterns of expression during embryogenesis (Ryan and Sandell, 1990; Metsaranta et al., 1991; Nah and Upholdt, 1991; Su et al., 1991; Sandell et al., 1994) .
The majority of studies examining Hsp47 have focused on its interaction with collagens as well as its expression using biochemical assays and cultured cells. Only a few studies have directly compared collagen gene expression to that of hsp47 in developing embryos and these were restricted to tissues such as the femur, tooth and eye which form late in embryogenesis (Myaishi et al., 1992; Shroff et al., 1993; Shroff et al., 1994) . As described above, type II collagen appears to play a critical role in the formation of the extracellular matrix in early embryos and may also play a regulatory role in matrix-mediated morphogenetic mechanisms.
Given the importance of molecular chaperones for the kinds of extensive posttranslational modifications and folding processes which collagen molecules must undergo in order to assume a functional conformation, we have initiated studies aimed at gaining an understanding of the behavior of Hsp47 in developing embryos in vivo. To begin to address this question, we previously cloned and initially characterized a full-length hsp47 cDNA from the zebrafish, Danio rerio and showed that the deduced translation product is a 404 amino acid polypeptide which shares 72% identity with chicken Hsp47, 64% identity with rat and mouse Hsp47, and 69% identity with human Hsp47 (Pearson et al., 1996) . Importantly, the zebrafish protein contains a typical hydrophobic signal sequence, a C-terminal RDEL-ER retention signal, and a serine protease inhibitor sequence, all of which are characteristic of Hsp47 in higher vertebrates. Here we show that the zebrafish hsp47 gene is expressed in a dynamic spatio-temporal pattern in developing embryos and that strong expression of hsp47 mRNA is co-incident predominantly with expression of the type II collagen gene (col2al; Yan et al., 1995) in a number of chondrogenic and non-chondrogenic tissues including the notochord, otic vesicle and developing fins. Expression of both genes is disrupted in floating head (/lh) and no tail (ntl) mutants, which lack properly differentiated notochords. Interestingly, no hsp47 mRNA is detectable in the strongly col2al-expressing floor plate and hypochord cells of wild-type embryos. This surprising result suggests that the two genes are subject to multiple and non-overlapping mechanisms of regulation during development. Finally, Northern blot analysis revealed two alternative transcripts of ~012~1 which are expressed in distinct temporal patterns. Appearance of the larger transcript occurs following somitogenesis, a time which coincides with the co-activation of hsp47 and col2al gene expression in tissues outside of the notochord.
Results

Temporal pattern of hsp47 and type II collagen gene expression during zebrafish development
In order to obtain initial information regarding the possibility of co-expression of hsp47 and the type II collagen gene (coZ2al) during normal zebrafish development, we carried out Northern blot analysis of poly(A)' mRNA at different stages of embryogenesis.
We have previously demonstrated that constitutive hsp47 mRNA is present in developing embryos at levels that require poly(A)+ RNA isolation (Pearson et al., 1996) . As shown in Fig. 1 , two different col2al transcripts were recognized by the Cterminal/3'-untranslated specific probe which was used. became the predominant species by 2 days of development. As well, two minor transcripts of over 6 kb in size which mirrored the 3.9-4.0 kb species in temporal appearance were also detected in some blots but are not shown in Fig. 1 . The data suggest that coZ2al RNA in zebrafish may be subject to alternative splicing as has been demonstrated for other vertebrate type II collagen genes (Ryan and Sandell, 1990; Metsaranta et al., 1991; Nah and Upholdt, 1991; Su et al., 1991) . Interestingly, a sharp increase in the level of hsp47 mRNA was observed in prim-20 embryos (lane 3), a time which coincided with the appearance of the larger col2aZ transcript.
hsp47 and col2al are co-expressed in nonchondrogenic tissues at gastrula and segmentation stages and are co-ordinately down-regulated in the notochord of I day old embryos
The low levels of hsp47 mRNA, which are detectable only in poly (A)+ RNA-containing blots ( Fig. 1 ) (Pearson et al., 1996) , suggested that it might be expressed in a tissue-restricted fashion in early embryos. To investigate this possibility, we carried out whole mount in situ hybridization experiments in embryos during epiboly and segmentation.
As shown in Fig. 2A , hsp47 mRNA was detectable as early as 6-7 h of development. The expression was first detectable within the inner cell layer of the embryonic shield, the hypoblast. The expressing cells in the shield likely represent those of the notochord rudiment, the chorda mesoderm see results below) . Hypoblast cells lacked the distinctly strong accumulation of ~012~1 mRNA (Fig. 2B) . By 11-12 h of development, the developing notochord was stained by both the hsp47 and col2al probes (Fig. 2C,D) (Yan et al., 1995) . Finally, hsp47 mRNA was also detectable in paraxial mesoderm of the embryo but at much lower levels. This is not unexpected since Hsp47 is proposed to be a chaperone of other types of fibril-forming collagens as well.
The data presented above reveal that hsp47 and coZ2al are co-ordinately expressed within the developing notochord of 11-12 h old embryos. Furthermore, hsp47 but not col2al is expressed within the involuted cells of the hypoblast as early as 6-7 h of development. Yan et al. (1995) have previously shown that the concentration of col2al transcripts in midline cells reaches a peak by approximately 21 h. After this time, levels of the transcript decline in a rostral-caudal direction and by approximately 24 h they are detectable within the notochord only in the developing tail. As shown in Fig. 2E ,F, hsp47 transcript levels decline in a similar rostra1 to caudal sequence as ~012~1. Messenger RNA levels of both genes are detectable only in the most caudal part of the notochord by 24 h of development.
This suggests that expression of both genes may be down-regulated by similar mechanisms in cells of the notochord. By this stage of development, the notochord exhibits strong Alcian blue staining, indicating the deposition of proteoglycans in the extracellular matrix (data not shown).
col2al but not hsp47 is expressed in the joor plate and hypochord
The results presented thus far indicate that in early zebrafish embryos, hsp47 is strongly expressed in cells of the notochord which are also expressing col2al. However, by the 14 somite stage (15 h), two additional groups of cells just dorsal and ventral to the notochord also express ~012~1 (Yan et al., 1995) (Fig. 2F and 3B) . One of these is the floor plate, which is composed of the ventral-most cells of the developing neural tube. It is a single row of wedgeshaped cells which bifurcates and widens to a multicell width layer in the head region. The other colZaI-expressing tissue is the hypochord, which is of mesendodermal (hypoblast) origin. It is also a single line of flat cells, which lies just ventral to the notochord. Expression of coZ2al in these tissues is maintained for a longer period of time than notochordal expression and can be detected in embryos well over 24 h of age (Yan et al., 1995 ) (see Fig. 2F ). Interestingly, we were unable to detect hsp47 mRNA within either the floor plate or hypochord of 15 h and 24 h old embryos (see arrow and arrowhead in Fig. 2E ). This was not due to a lower level of hsp47 mRNA being present in these tissues since a signal was still not detectable following overstaining of embryos (data not shown).
The non-coordinate expression of hsp47 and col2al is particularly evident in the floor plate offrh embryos, which is present as a disrupted line of cells distributed along the A-P axis. In these embryos, axial mesoderm cells initially express early markers of axial mesoderm such as axial and detectable as early as 6 h in the hypoblast (small arrow in A). Note that cells of both the floor plate (arrowhead) and hypochord (arrow) express col2aI but not hsp47 in 24 h old embryos (E,F).
twist but then become respecified to form paraxial mesoderm derivatives and a notochord does not form (Halpern et al., 1995; Talbot et al., 1995) . As expected, neither hsp47 nor coZ2al are expressed in the axial tissues at the normal location of the notochord in 15 h oldJlh embryos (Fig. 3) . However, hsp47 mFWA is also clearly absent from floor plate cells which strongly express col2aI in mutant embryos (arrowhead in Fig. 3D ; jGz embryos do not develop a hypochord). A similar result was obtained for hsp47 with 15 h old no tail (ntl) embryos (Halpem et al., 1993), which also exhibit a disruption of proper notochord formation (data not shown). The expression of col2al without the concurrent expression of hsp47 in these tissues was a very surprising result and clearly indicates that the two genes are not strictly co-regulated in all tissues of developing zebrafish embryos.
2.4, hsp47 and col2al are widely co-expressed in 24 and 48 h old embryos Following the first day of development, col2al and hsp47 begin to be expressed in a wide array of developing tissues. In most cases co-expression is obvious (see below); however, there are several tissues which express only one of the two genes. Within the trunk, we have been able to detect col2al mRNA within the floor plate and hypochord in embryos up to 50 h of age (data not shown). Similar experiments revealed that hsp47 mRNA remained undetectable in these regions throughout, this period of development in both wild-type and jlh embryos (data not shown). Conversely hsp47, but not col2al mRNA, was detected in the developing lens of the eye (arrowhead in Fig. 4A,B) .
One of the most obvious regions of co-expression of hsp47 and coZ2al in later embryos is the developing ear. The otic vesicle, which is well developed by 24 h, is strongly stained with both probes (arrow in Fig. 4A,B) . The co-expression appears at 18 h and persists at least up to 3 days of development.
Optical cross-sections using DIC optics revealed that both transcripts accumulate primarily within the epithelial cells of the vesicle (data not shown). At 48 h, strong co-expression is also detectable in the mesenchymal cells which condense to form the cartilaginous otic capsule surrounding the ear (Fig. 4E,F) . A number of other tissues in the head also exhibit co-expression of hsp47 and col2a1, including the ventricular neuroepithelium (Fig. 4C,D) and the developing chondrocranium (Fig. 4G,H) . These are all tissues in which col2al expression has been observed in other vertebrates. Within the pectoral fin bud, hsp47 mRNA was detected in coZ2al-expressing cells which form the precartilage core (arrowhead in Fig. 5A,C) . As well, expression of both genes was detectable within the mesenchymal cells at the caudal-most region of the median fin fold and within condensations of cells along the fin fold rostra1 to this region (Fig. 5B,D) . These condensations most likely repre- C sent regions at which the collagenous strengthening rays (actinotrichia) will form .
Discussion
Numerous studies have examined the role of heat shock proteins as molecular chaperones in the proper folding and/or intracellular targeting of proteins during normal cell growth and development.
Additionally, members of some heat shock protein families such as Hsp90 are also known to interact with and modulate the activity of developmentally important signaling molecules and transcription factors such as steroid hormone receptors and myoD (reviewed in Bohen and Yamamoto, 1994) . While an important role for heat shock proteins in developing embryos has been proposed for some time, little evidence in support of any specific role has been available. Recently, our laboratory has shown that the expression of hsp90a is restricted predominantly to myoD-expressing cells in zebrafish embryos (Sass et al., 1996) . This result suggested that hsp90tx plays a role during normal muscle development and directly supported previous biochemical data demonstrating that Hsp90 can activate the DNA-binding activity of the myogenic bHLH transcription factor MyoD. In the present study, we have demonstrated that another heat shock protein, namely Hsp47, is also likely to play an important and relatively specific role in embryonic development in vivo. Our results, when taken together with the biochemical and cell culture evidence regarding the interaction of Hsp47 with fibril-forming collagens, suggest that Hsp47 may be a necessary component of the post-translational processing machinery of type II collagen-expressing cells in a number of different embryonic tissues. Whether it is directly involved in the processing of Type II collagen triple helices or another component of the extracellular matrix in co-expressing cells remains to be determined. Type II collagen is the major cartilage extracellular matrix (ECM) protein, constituting up to 80% of all collagens secreted by this tissue. In addition, studies examining the expression of type II collagen genes during embryonic development have revealed expression within a number of non-chondrogenic tissues (Kosher and Solursh, 1989; Cheah et al., 1991; Suet al., 1991; Yan et al., 1995) . This has led to the suggestion that type II collagen may play a role in matrix-mediated morphogenetic mechanisms in addition to its structural role. Thus, the proper processing of type II collagen molecules within the ER is likely to be extremely important for normal embryonic development.
Earlier studies have revealed coordinate regulation of Hsp47 and different types of collagen& among them type II, in various cell lines and tissues (Myaishi et al., 1992; Takechi et al., 1992; Clarke et al., 1993; Shroff et al., 1993; Shroff et al., 1994) , The data obtained in these studies suggested that hsp47 and collagen genes might share transcriptional regulatory elements which direct their coordinate expression. The temporal and spatial expression data presented in our study support a model in which the hsp47 gene in zebrafish embryos is co-ordinately regulated with ~012~1, the zebrafish type II collagen gene, in a number of developing tissues in vivo. This is true for both chondrogenic and non-chondrogenic tissues and suggests that a common mechanism may be at work in the co-expressing tissues. Alternatively, given the wide range of tissues which exhibit co-expression, it is possible that multiple factors are involved and that the actual mechanism in operation depends on the cell types in which the two genes are being expressed. For example, the expression of the gene encoding the transcription factor Twist within the notochord has previously indicated it as a possible regulator of ~012~1 expression (Yan et al., 1995) . Thus, it is possible that Twist could play a role in co-regulating col2al and hsp47 in the notochord, whereas cartilage-specific factors regulate these genes in chondrogenie cells. However, the expression of hsp47 but not coZ2al within the hypoblast suggests that other mechanisms would also have to be at work, at least within the notochord. Cloning of the hsp47 and col2ctl promoters from zebrafish will allow for the identification of potential common regulatory elements in order to begin to address this question.
Although a wide array of tissues co-express col2al and hsp47, several important exceptions were observed in our study. Of particular interest is the high level of ~012~1 expression within cells which make up the floor plate and hypochord. These cells did not exhibit detectable levels of hsp47 mRNA. This lack of co-ordinate expression was unexpected and clearly indicates that expression of the col2aI and h&7 genes is not strictly co-regulated in developing embryos. Furthermore, it supports a model in which the regulation of these genes is subject to multiple and non-overlapping mechanisms which differ in a tissue- of Development 61 (1997) [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] specific manner. Alternatively, it is possible that hsp47 is coregulated with another gene encoding an extracellular matrix molecule which is expressed in some but not all col2al-expressing cells. The expression of hsp47 in some cells which did not express col2al was not as surprising. This is most easily explained by the that fact that Hsp47 has been proposed to act as a molecular chaperone for a range of fibril-forming collagens, many of which are expressed in a wide range of cell types during embryonic development. This is particularly true for type I collagen, which is the most ubiquitously expressed of the collagens and for which the greatest amount of evidence regarding a specific role for Hsp47 in post-translational processing has been obtained (Nagata, 1996) . Indeed, it is very surprising that we were unable to detect high levels of hsp47 expression throughout most cells of the embryo. Perhaps the processing of a type II collagen triple helix requires a greater number of Hsp47 molecules than that of most other collagens. Unfortunately, a direct comparison of the number of Hsp47 molecules required to properly fold different forms of collagen has not been reported. Alternatively, cells expressing collagen type II during development may be required to synthesize very large amounts of triple helical molecule within a short time frame. This latter possibility would be expected if type II triple helixes do indeed play a role in matrix-medicated morphogenesis, a role which would predict that molecules have to appear within a short time frame during development and in relatively large amounts. Finally, the possibility exists that hsp47 interacts with another collagenous component of the extracellular matrix distinct from Type II collagen which is expressed in all hsp47-expressing cells but not all col2al-expressing cells. The reasons for the lack of hsp47 gene expression in cells of the floor plate and hypochord are unclear. Previous studies in other vertebrates have revealed that type II collagen mRNA is also expressed within the ventral neural tube and that type II collagen immunoreactivity is present within the basal lamina of cells in the floor plate/ventral neural tube (Kosher and Solursh, 1989; Cheah et al., 1991; Su et al., 1991; Lui et al., 1995) . It is not known if hsp47 expression is also excluded from these cells in these organisms. The data obtained in the present study suggest that Hsp47 may be dispensable for processing of some collagen molecules containing the col2al gene product in cells of the floor plate and hypochord. Interestingly, the three CY 1 (II) chains of the type II collagen homotrimer and the cu3(XI) chain of the type XI collagen heterotrimer both appear to the product of the col2nl gene in humans (Kadler, 1994) . However, further experiments aimed specifically at the assembly of homotrimeric and heterotrimerit triple helixes containing products of the col2nl gene must be carried out before any conclusions can be drawn regarding under what conditions, if any, assembly can occur in the absence of Hsp47.
The data obtained using Northern blot analysis revealed that two major transcripts of the type II collagen gene are expressed during embryonic development of zebrafish. Previous studies in other vertebrates have revealed the existence of two alternative forms of type II collagen mRNA, designated IIA and IIB (Ryan and Sandell, 1990; Metsaranta et al., 1991; Nah and Uphold& 1991; Su et al., 1991) . These two transcripts arise by alternative splicing which results in a final mRNA containing exon 2 (type IIA) or has this exon removed (type IIB). Type IIB is the predominant transcript expressed in mature chondrocytes whereas type IIA is present in prechondrogenic and other cells (Nah and Upholdt, 1991; Su et al., 1991; Ng et al., 1993; Sandell et al., 1994) . At present, we cannot determine if the two transcripts detected on our Northern blots represent type IIA and IIB of the zebrafish gene since the coZ2al cDNA clone contains only the carboxy-terminal coding and 3' untranslated regions. The size difference of the two transcripts, however, is in agreement with the size of IIA and IIB transcripts in other systems. It is unlikely that these transcripts represent cross-hybridization to the mRNA products of other collagen genes in zebrafish since the conditions used can clearly distinguish mRNA species with a greater degree of identity than is observed for different collagens within the same species (Kadler, 1994; Krone and Sass, 1994) . Of particular interest to the present study is the substantial increase in hsp47 mRNA which occurred concurrently with the appearance of the larger transcript in embryos following somitogenesis. This is also the time at which co-expression of hsp47 and col2nl becomes apparent in tissues other than the notochord, including mesenchymal cells which will undergo chondrogenesis. It will be interesting to determine if similar changes in hsp47 mRNA dynamics accompany the appearance and/or disappearance of alternatively spliced forms of type II collagen mRNA in other vertebrates.
Experimental procedures
Fish maintenance and embryo collection
Zebrafish were obtained from a commercial supplier and maintained under 14 h light/l0 h dark cycle according to standard methods (Westerfield, 1995) . Embryos were collected, cleaned and kept in system water at 28.5"C. Staging was carried out according to Kimmel et al. (1995) .
RNA isolation and Northern blotting
Total RNA was isolated using Trizol reagent (Gibco-BRL) according to the manufacturer's protocol. Poly(A)+ RNA was purified using the Dynabeads mRNA isolation kit (Dynal) and 1.5 pg was subjected to Northern blot analysis. For Northern blotting the RNA was separated through a 1% formaldehyde agarose gel and blotted to supported nitrocellulose membranes.
Membranes were baked at 80°C for 90 min. Probes for hybridization were made by linearizing the vectors and random primed labeling using Klenow polymerase. Hybridization were carried out at 42°C for 48 h, followed by high stringency washes at the same temperature for 1 h as previously described (Krone and Sass, 1994) . The blots then were exposed to Kodak Biomax film using a Cronex intensifying screen at -70°C overnight. We have previously demonstrated that these hybridization conditions do not result in any detectable cross-hybridization of probes with greater than 80% identity at the DNA level (Krone and Sass, 1994) .
Probe synthesis, whole mount in situ hybridization and sectioning
Digoxigenin-1 l-UTP (Boehringer-Marmheim) labeled sense and antisense RNA probes were synthesized by in vitro transcription. As a template we used the previously described full-length zebrafish hsp47 cDNA (Pearson et al., 1996) . CoZ2al cDNA was a generous gift of J.S. Postlethwait and Y.-L. Yan. The in situ hybridization protocol of Puschel et al. (1992) was used with minor modifications (Akimenko et al., 1994) . Embryos were fixed with 4% paraformaldehyde/phosphate-buffered saline (PFA/PBS) for 1 h at 4°C. Following fixation, embryos were washed in two changes of PBS and thendehydrated in two changes of methanol. Fixed embryos were mechanically dechorionated using fine dissecting forceps, and rehydrated by washing in 75%, 50%, and 25% methanol at room temperature (RT). Embryos were then washed in four changes of PBST (PBS with 0.1% Tween 20). Embryos at stages earlier than 20 h post-fertilization were not pre-digested with proteinase K. Two day old embryos were subjected to proteinase K digestion (25 pg/ml; Boehringer-Mannheim) in PBST at RT for 5 min. Following proteinase K digestion, embryos were washed in two changes of PBST, postfixed in 4% PFAIPBS for 20 min, and again washed in PBST. Pre-hybridization was carried out at 65°C for at least 1 h in hyb-mix (50% formamide, 5 x SSC, 0.1% Tween 20, 50 pg/ml heparin, 100 pg/ml yeast tRNA, 9.2 PM citric acid pH 6.0). Hyb-mix was removed and hybridization with probe (100 ng/200 ~1 hyb-mix) was carried out overnight at 65°C in 500 ~1 microcentrifuge tubes. The following IO-min washes were then carried out at 65°C: 75% hyb-mix/25% 2 x SSC, 50% hyb-mix/50% 2 x SSC, 25% hyb-mix/75% 2 x SSC, 100% 2 x SSC. Two 30 min washes were done at 60°C in 0.2 x SSC. Additional 5 min washes were then carried out at room temperature: 75% 0.2 x SSC/25% PBST, 50% 0.2 x SSC/SO% PBST, 25% 0.2 x SSC/75% PBST, 100% PBST. Embryos were then preincubated for 1 h in a blocking solution (2% newborn calf serum, 2 mg/ml BSA in PBST) and then for 2.5 h with a 1:20 dilution of alkaline phosphatase-coupled anti-digoxigenin antibody (Boehringer-Mannheim) preadsorbed against an extract from 4 day old zebrafish embryos.
Following antibody binding, embryos were washed in several changes of PBST for 1.5 h, and then in several changes of alkaline phosphatase buffer (100 mM Tris-HCl pH 9.5,50 mM MgC12, 100 mM NaCl, 0.1% Tween 20, 1 mM levamisol in DDW). The embryos were incubated in staining buffer (alkaline phosphatase buffer containing 250 pg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and 225 pglml nitro blue tetrazolium) for 30 min-2 h, washed immediately following the staining reaction in PBST and post-fixed in 4% PFAI PBS for 30 min at RT. For photography, embryos were dehydrated in 100% methanol (3 min) and cleared in benzyl-benzoate/benzyl-alcohol (2: 1, for 3 min). For sectioning, embryos were dehydrated and embedded in JB-4 resin according to the manufacturer's instructions (Polysciences, Inc.). Eight pm thick sections were cut and examined for staining. of the embryos and D. Pearson for assistance in Northern blotting. This work was supported by a grant to PHK from the Natural Sciences and Engineering Research Council of Canada (NSERC). ZL was supported in part by scholarships from the College of Medicine and the University of Saskatchewan.
